A defining feature governing head patterning of jawed vertebrates is a highly conserved gene regulatory network that integrates hindbrain segmentation with segmentally restricted domains of Hox gene expression. Although non-vertebrate chordates display nested domains of axial Hox expression, they lack hindbrain segmentation. The sea lamprey, a jawless fish, can provide unique insights into vertebrate origins owing to its phylogenetic position at the base of the vertebrate tree [1] [2] [3] . It has been suggested that lamprey may represent an intermediate state where nested Hox expression has not been coupled to the process of hindbrain segmentation [4] [5] [6] . However, little is known about the regulatory network underlying Hox expression in lamprey or its relationship to hindbrain segmentation. Here, using a novel tool that allows cross-species comparisons of regulatory elements between jawed and jawless vertebrates, we report deep conservation of both upstream regulators and segmental activity of enhancer elements across these distant species. Regulatory regions from diverse gnathostomes drive segmental reporter expression in the lamprey hindbrain and require the same transcriptional inputs (for example, Kreisler (also known as Mafba), Krox20 (also known as Egr2a)) in both lamprey and zebrafish. We find that lamprey hox genes display dynamic segmentally restricted domains of expression; we also isolated a conserved exonic hox2 enhancer from lamprey that drives segmental expression in rhombomeres 2 and 4. Our results show that coupling of Hox gene expression to segmentation of the hindbrain is an ancient trait with origin at the base of vertebrates that probably led to the formation of rhombomeric compartments with an underlying Hox code.
The hindbrain of jawed vertebrates is a specialized region of the nervous system characterized by its subdivision into repetitive segments called rhombomeres 7 . Anterior Hox genes are expressed in a nested pattern that is functionally coupled to this inherent segmentation program [8] [9] [10] . Non-vertebrate chordates possess patterned hox gene expression along the body axis [11] [12] [13] [14] , which may be regulated by conserved patterning signals in chordate evolution 15 , but lack nervous system segmentation. Moreover, key segmental regulatory elements from jawed vertebrate Hox clusters are not conserved in amphioxus or ascidians [16] [17] [18] . In jawed vertebrates (gnathostomes), a well-characterized, highly conserved gene regulatory network (GRN) integrates hindbrain segmentation and Hox patterning 8, 9 . The jawless (agnathan) vertebrate, lamprey, has been postulated to represent an intermediate state with rudimentary hindbrain segmentation, but lacking registration with motoneuron patterning or nested Hox expression 4-6 . However, little is known about gene regulatory events underlying Hox expression or coupling to hindbrain segmentation in lamprey. Here we address the nature of the agnathan hindbrain GRN and the degree to which it has been evolutionarily conserved with that of gnathostomes.
To explore upstream GRN inputs regulating Hox expression, we first asked whether gnathostome hindbrain regulatory elements were functional in the sea lamprey, Petromyzon marinus, the only agnathan for which the genome is sequenced and experimental manipulation of early embryos is feasible 3, 19 . Using transgenic methodologies 20,21 , we developed a novel cross-species approach to compare activity of specific regulatory elements between jawed and jawless vertebrates, by creating a new construct that allows efficient transgenesis in both lamprey and zebrafish embryos. We chose a series of enhancers from different jawed vertebrates that mediate segmentally restricted expression in their species of origin ( Fig. 1a and Extended Data Fig. 1 ), focusing on elements that worked across multiple species and have well-characterized direct inputs from Krox20, Kreisler, retinoic acid and/or Hox auto/cross-regulation.
Analysis of F0 zebrafish embryos demonstrated that the majority of enhancers direct appropriate green fluorescent protein (GFP) reporter expression in segmental hindbrain domains ( Fig. 1b , Extended Data Fig. 2 and Extended Data Table 1 ). The identities of segmental domains were determined by examining GFP expression in a zebrafish line expressing mCherry in rhombomere (r)3/r5 under control of the endogenous krox20 locus. F1 lines were generated for many constructs and exhibited identical segmental expression patterns to those in F0 ( Fig. 1b and Extended Data Figs 2, 3), confirming that analysis in F0 embryos accurately reflects enhancer-mediated regulatory activities.
When tested for regulatory activity in lamprey, the same gnathostome constructs mediated segmental reporter expression, reminiscent of that seen in their host species and/or zebrafish. The restricted stripes of GFP expression reflect an ordered series of domains ( Fig. 1b , Extended Data Fig. 2 and Extended Data Table 2 ), implying that these gnathostome enhancers are activated by upstream lamprey factors to mediate reporter expression in a rhombomeric fashion. Reporter expression spans multiple developmental stages with variable onset between elements (Extended Data Fig. 4 ). The Hoxb1 enhancer is active first (developmental stage (st)18) in a broad domain that becomes restricted over time, followed by hoxb2 (st21), hoxb3 and Hoxb4 (st22). These data suggest that a similar underlying hindbrain GRN, with temporal colinearity reminiscent of gnathostomes, may be present in lamprey.
Gnathostome rhombomeric enhancers have known cis-regulatory inputs: Krox20 for Epha4 (ref. 22) and Hoxb2 (refs 23, 24) and Kreisler and Krox20 for Hoxb3 (refs 25, 26) . We asked whether their homologues might have similar segmental regulatory functions in agnathans. To test this, we generated constructs with mutated Kreisler and/or Krox20 sites within the zebrafish hoxb3 r5 enhancer ( Fig. 1c, d) . Mutation of the two Kreisler sites (mut kr11kr2) completely eliminates reporter expression in both zebrafish and lamprey, whereas mutation of the Krox20 sites (mut kroxA1kroxB) modulates levels/efficiency of expression in both species (Extended Data Tables 1 and 2). These results are consistent with roles for Kreisler and Krox20 in the mouse Hoxb3 r5 enhancer 26 , implying homologous roles in the lamprey hindbrain.
These data suggest that major components of the hindbrain GRN upstream of Hox genes are conserved in lamprey. Therefore, we characterized hindbrain expression patterns of lamprey kreisler and krox20 across multiple developmental stages (st19-26) ( Fig. 2 ). krox20 is expressed in two stripes in a manner reminiscent of its gnathostome counterpart 4 (Fig. 2 ). We isolated a kreisler homologous gene that is expressed in a single stripe in the lamprey hindbrain ( Fig. 2 ), similar to mouse Kreisler. The restricted expression of these key upstream regulators in lamprey supports our interpretation of their inputs to reporter activities.
We next examined whether lamprey hox genes themselves display evidence of segmental expression. We previously identified two Hox clusters, Pm1 and Pm2, as well as several unassigned hox genes in P. marinus 3 . These probably represent a subset of the total hox gene complement; recent evidence from Lethenteron japonicum suggests up to six Hox clusters 27 , two of which are homologous to Pm1 and Pm2. Lamprey hox genes from paralogous groups 1-3, hox1 (Pm2), hox2 and hox3 (Pm1), display temporally dynamic hindbrain expression patterns. Early developmental stages (st21-23) reveal prominent stripes of restricted expression in the hindbrain for all three genes, apparently reflecting off-set segmental domains (Fig. 2 ) temporally correlating with robust stripes of both krox20 and kreisler expression. Later (st24-26), hox1 and kreisler are progressively downregulated in the hindbrain, while segmental expression for hox2 and hox3 become masked by their upregulation in other regions (Fig. 2 ). krox20 expression initiates at st20 and remains on throughout this developmental time course. Although previous analysis of hox gene expression, focusing on st26 in the Japanese lamprey, found no evidence for segmental expression 4, 5 , the potential links between Hox expression and hindbrain segmentation were presumably missed owing to the dynamic and early nature of segmental expression of these genes.
To identify endogenous lamprey cis-regulatory regions that mediate these striking segmental hox gene expression domains, we focused on the hox2 paralogous group, well-characterized from a regulatory perspective in jawed vertebrates 8, 9 . We sequenced the hox2 locus and entire intergenic region between hox2 and hox3 of Pm1, as this genomic region in gnathostomes contains a series of enhancers that mediate hindbrain Hox expression ( Fig. 3a and Extended Data Fig. 1 LETTER RESEARCH detectable, we functionally tested sequences from 212 kb upstream to 11 kb downstream of the lamprey Hox2 coding domain in lamprey embryos (Fig. 3a-c) . At st26, the 212 kb intergenic region mediates GFP expression in the neural tube, pharynx (neural crest) and somites that closely resembles that of the endogenous lamprey hox2 gene (Fig. 3b ). Deletion analyses demonstrate that cis-elements capable of mediating neural expression lie within the 29 kb to 24 kb intergenic region whereas those contributing to neural crest/somite expression lie in the 24 kb fragment (Fig. 3a) .
Given that gnathostome Hoxa2 is expressed in r2 and r4 via exonic and intronic regulatory elements [28] [29] [30] (Fig. 3a and Extended Data Fig. 1 ), we tested a comparable fragment of lamprey hox2 (exon 1-2). Intriguingly, this fragment mediated restricted expression in two alternating stripes in the hindbrain from st22 to st26 ( Fig. 3c and Extended Data Fig. 4 ). At st24, endogenous hox2 neural expression displays regions of varying intensity, apparently correlating with these stripes of GFP (Fig. 3c) . The anterior boundary of GFP expression in the hindbrain mediated by both the 212 kb fragment and the exon 1-2 region appear to match that of the endogenous hox2 gene (Fig. 3c) . Hence, hox2, as in jawed vertebrates, contains multiple enhancers with partially overlapping/shadow activities. The equivalent positions of rhombomeric enhancer(s) of hox2 and Hoxa2 genes suggests that lamprey hox genes may be coupled to hindbrain segmentation in part through conserved cis-elements.
The lack of apparent morphological hindbrain segmentation in lamprey makes it difficult to assign these gene expression patterns to specific features. To register these expression patterns, we performed multispectral analysis using co-injection of two fluorescent reporters. The hoxb3 enhancer was used to direct red fluorescent protein (RFP) in putative r5, allowing registration with other enhancer-mediated GFP expression ( Fig. 4a, b) . hox2 exon 1-2 mediates expression in r2 and r4; Epha4 in r3; hoxb2 in r4; and Hoxb4 with an anterior border of expression within r7 (Fig. 4a, b) . These segmental domains generally correlate with the activity of these cis-elements in gnathostomes, although the Epha4 enhancer mediates expression only in r3 in lamprey as compared with r3/r5 in zebrafish (Fig. 1b) . The hoxb2 enhancer drives robust r3/r5 expression and weaker r4 expression in zebrafish (Fig. 1b) , whereas the strongest expression in lamprey is in r4 and there is weak expression in r6. Some embryos exhibit weaker r3/r5 expression, suggesting that the Krox20 sites in this enhancer are only moderately functional in lamprey. These data confirm that regulatory elements from both jawed and jawless vertebrates can mediate adjacent rhombomere-like segmental expression domains in the lamprey hindbrain.
To compare endogenous with enhancer-driven domains of expression, we performed two-colour double in situ hybridization (Fig. 4c) . Using krox20 as a reference for r3/r5, we mapped the site of hox1 expression to r4. Similarly, by comparison with krox20 and/or hox1, we mapped Data Table 2 provides information on number of embryos and efficiency of specific expression for the exon 1-2 region). Arrowheads indicate the anterior extent of expression in the neural tube.
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kreisler expression domains to r5, hox2 to r2-5 with elevated stripes in r3/r5, and the anterior stripe of hox3 expression to r5. An antisense GFP probe positions expression directed by the hoxb3 enhancer to r5. This analysis demonstrates that lamprey hox genes are expressed in a nested pattern that corresponds to the same segmental territories as their gnathostome counterparts. By taking advantage of the unique evolutionary position of lamprey at the base of vertebrates, we have resolved a fundamental question in vertebrate evolution concerning the origin of segmental Hox patterning in the hindbrain. Our results reveal an amazing degree of conservation in both transcriptional inputs (Krox20, Kreisler) and regulatory element activity between jawed and jawless vertebrates (Fig. 4d ). Lamprey hox genes display transient offset segmental expression domains, implying that the lamprey hindbrain, as in gnathostomes, is composed of identifiable rhombomeric segments with an underlying Hox code. Thus, we conclude that the coupling of Hox gene expression to segmentation of the hindbrain via Krox20 and Kreisler is an ancient vertebrate trait that evolved before the agnathan/gnathostome split (Fig. 4e ).
